The results of randomized controlled trials and systematic reviews have suggested reduced radiographic wear in highly cross-linked polyethylene compared with conventional polyethylene in primary total hip arthroplasty. However, longer-term clinical results have not been thoroughly examined, to our knowledge. The purpose of this study was to compare the risk of revision for metal-on-conventional and metal-on-highly cross-linked total hip arthroplasty bearing surfaces with use of a distributed data network of six national and regional registries (Kaiser Permanente, HealthEast, the Emilia-Romagna region in Italy, the Catalan region in Spain, Norway, and Australia). Inclusion criteria were osteoarthritis as the primary diagnosis, cementless implant fixation, and a patient age of forty-five to sixty-four years. These criteria resulted in a sample of 16,571 primary total hip arthroplasties. Multivariate meta-analysis was performed with use of linear mixed models, with survival probability as the unit of analysis. The results of a fixed-effects model suggested that there was insufficient evidence of a difference in risk of revision between bearing surfaces (hazard ratio, 1.20 [95% confidence interval, 0.80 to 1.79]; p = 0.384). Highly cross-linked polyethylene does not appear to have a reduced risk of revision in this subgroup of total hip arthroplasty patients. Arthroplasties involving highly cross-linked polyethylene do not appear to have an increased risk of revision in this subgroup of total hip arthroplasty patients.
T otal hip arthroplasty is an effective procedure with longterm survival rates of more than 85% at twenty years of follow-up 1, 2 . Despite the effectiveness of this procedure, some total hip arthroplasties require revision, usually because of wear and osteolysis. These revision procedures are associated with an increased risk of complications, re-revision, and patient mortality 3, 4 . In addition, the demand for revision total hip arthroplasty is projected to increase substantially through 2030 5 . As a result, technological advances in bearing surfaces have been introduced with the aim of increasing the longevity of total hip arthroplasty implants by reducing wear and associated osteolysis and loosening. Highly cross-linked polyethylene is one example of a bearingsurface advancement introduced into the market for this purpose 6 . The results of two systematic reviews and a meta-analysis have suggested that the use of highly cross-linked polyethylene is associated with a reduced risk of radiographic wear and a lower rate of femoral head penetration [6] [7] [8] . In addition, the authors of several small, single-center randomized controlled trials have reported lower rates of femoral head penetration and wear in highly cross-linked polyethylene compared with conventional polyethylene [9] [10] [11] [12] . Although the authors of these studies provided short-term radiographic findings, in only a few studies have the authors examined the longer-term clinical results of total hip arthroplasty with conventional and highly cross-linked polyethylene in specific subgroups of patients. The authors of one large cohort study reported a lower risk of revision for cementless highly cross-linked polyethylene compared with conventional polyethylene, but the difference did not reach significance 13 . Results from another U.S registry study and the annual reports from the Australian Orthopaedic Association Disclosure: One or more of the authors received payments or services, either directly or indirectly (i.e., via his or her institution), from a third party in support of an aspect of this work. In addition, one or more of the authors, or his or her institution, has had a financial relationship, in the thirty-six months prior to submission of this work, with an entity in the biomedical arena that could be perceived to influence or have the potential to influence what is written in this work. Also, one or more of the authors has a patent or patents, planned, pending, or issued, that is broadly relevant to the work. No author has had any other relationships, or has engaged in any other activities, that could be perceived to influence or have the potential to influence what is written in this work. The complete Disclosures of Potential Conflicts of Interest submitted by authors are always provided with the online version of the article. National Joint Replacement Registry indicated an increased risk of revision in total hip arthroplasties involving conventional polyethylene compared with arthroplasties involving highly cross-linked polyethylene [14] [15] [16] [17] [18] . These registry findings are critical, since they provide adequate statistical power and longer-term clinical outcomes. In addition, registry findings provide real-world data in a variety of patient, hospital, and surgeon settings, which increases the generalizability of the findings. For these reasons, the findings of national and regional registry studies are relevant. Aggregating data from multiple registries across different countries further enhances the statistical power and allows greater generalization of the findings when comparing the performance of bearing surfaces in hip arthroplasty internationally.
Therefore, the purpose of this study was to compare the risk of revision for arthroplasties involving metal-on-conventional polyethylene implants with that for arthroplasties involving metalon-highly cross-linked polyethylene implants with use of data from five different countries provided by six regional and national registries.
Materials and Methods

Data Collection
A distributed health data network was created by the International Consortium of Orthopaedic Registries (ICOR) and used in this study to lower barriers to participation (for example, concerns regarding data security, privacy, proprietary information, and legal issues) relative to a centralized data warehouse approach 19, 20 . A distributed health data network is a decentralized model that permits secure storage and analysis of data from numerous registries 21 . In general, the data from each registry are standardized and given at the level of aggregation that is most suitable for the detailed analysis of interest, with the aggregated data combined across registries 22 .
SAS programs (version 9.2; SAS Institute, Cary, North Carolina) were developed at the coordinating center and tested by participating registries (the Australian Orthopaedic Association National Joint Replacement Registry, Catalan Arthroplasty Register, Register of the Orthopaedic Prosthetic Implants (Emilia-Romagna region, Italy), HealthEast Registry, Kaiser Permanente National Joint Replacement Registry, and Norwegian Arthroplasty Register). Each registry applied the program to its database behind secure firewalls. The participating registries then shared aggregate-level crosstabs, Cox regression results, and implant survival probabilities with the ICOR coordinating center for statistical analysis.
Inclusion and Exclusion Criteria
This study includes only osteoarthritis patients who underwent total hip procedures from 2001 to 2010. The outcome of interest was the time to the first revision for any reason. We compared metal-on-conventional polyethylene implants with a head size of <32 mm with metal-on-highly cross-linked polyethylene implants (head sizes of <32, 32, and >32 mm). The choice to use metal-on-conventional polyethylene implants with a head size of <32 mm was based on limited data for larger head sizes with conventional polyethylene in all registries for the fixation method and age groupings under study (see below). The choice to use metal-on-highly cross-linked polyethylene implants with all head sizes was based on our finding of no evidence to support a head-size effect with that bearing surface within the designated fixation method and age groupings 23 . Further, there is a potentially complex relationship that exists between fixation method, patient age, and time to revision 24 . In order to limit the potential confounding effect of patient age and fixation method on bearingsurface groups, we limited the study to patients with cementless procedures who were within the age range of forty-five to sixty-four years. This sample restriction allowed us to better isolate the effect of wear associated with specific bearing-surface and head-size combinations.
Statistical Analyses
Multivariate meta-analysis was performed with use of linear mixed models, with implant survival probability as the unit of analysis 25 . The models estimated the residual covariances with the precise method reported previously 26 and also implemented a transformation 27, 28 to ensure that the models could be fitted with use of existing SAS software. Implant survival probabilities and their standard errors were extracted from each registry for each unique combination of the covariates (for example, bearing surface, head size, and patient age) at each distinct event time. Each unique combination was grouped into yearly time intervals, with only the earliest observation in that interval retained.
We fitted two models: one treating registries as a set of fixed effects and the other treating them as random effects. The random-effects model offers some inferential advantage for combining studies 29, 30 . However, with few observational data and few registries, the estimated between-registry variation in the random-effects model can be rather inaccurate. Further, the absence of randomization for bearing-surface and head-size groups could lead to confounding because of registry-level effects, which the randomeffects model does not address but the fixed-effects model does 31, 32 . Therefore, we determined that preference would be given to interpretation of the fixedeffects model, particularly when the parameter estimates were substantially different in the fixed-effects model compared with those in the random-effects model 31, 32 . The results of the fixed-effects model and those of the model without fixed effects to represent registries are given in Table I and in the Appendix  (Table III) , respectively. Additional details regarding the model fitting are given in the Appendix. SAS (version 9.2) was used for all of the analyses.
Results
A total of 16,571 total hip arthroplasties were included in this study; 51% (8501) were in female patients. The fiveyear rate of revision surgery ranged from 1.9% to 3.2% among the registries. Descriptive data for metal-on-highly cross-linked polyethylene (all head sizes) and metal-on-conventional polyethylene (head size of <32 mm) implants are presented in Table II .
We fitted a fixed-effects model that included an intercept, bearing surface, age, sex, piecewise constant function of time, and residual variance fixed at one, as well as dummy variables to represent registries (Table I) . Most notable from this model is the observation that there was insufficient evidence of a difference in revision rates between bearing surfaces, with the point estimate indicating a more harmful effect of metal on conventional polyethylene that was not Model-predicted survival of metal-on-conventional polyethylene implants with head sizes of <32 mm and metal-on-highly cross-linked polyethylene implants with any head size. The shading indicates the 95% confidence interval. HXLPE = highly cross-linked polyethylene, and CPE = conventional polyethylene.
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forty-five to sixty-four years old. With data from five countries and six regional and national registries, this study is also one of the first international collaborations among registries. Although cumulative revision rates were higher in the group with conventional polyethylene, this difference did not reach significance in the adjusted multivariable model. These study findings contribute clinical survivorship data to prior randomized controlled trials and systematic reviews suggesting radiographic wear and penetration 6, [8] [9] [10] [11] [12] . Although the hazard ratio in our adjusted model was in the same direction as those in prior studies, our results did not reach significance within the selected subgroup of cementless total hip arthroplasty patients between forty-five and sixty-four years of age. These findings are similar to those reported by Howard et al. 13 . Our study findings differ from those previously published by national and international registries [14] [15] [16] [17] [18] . The results may vary because of differences in study samples. Specifically, the use of highly crosslinked polyethylene may not have had as large of an effect in this specific subgroup as it did in more diverse cohorts that included all fixation methods, all head sizes, and a wider range of patient ages. Inclusion of data from multiple countries in this specific subgroup of patients with varying durations of follow-up may have also contributed to the difference in findings.
The strengths of this study include the large international sample size and ''real-world'' registry findings with high external validity, representative of community-based practice and varying surgeon training, skill levels, and hospital characteristics. Although our study has strong external validity, internal validity may be criticized because of the observational nature of the data. In our study, we addressed this limitation by statistically adjusting for potential confounding variables in our multivariable model. Our focus on cementless total hip arthroplasties in patients forty-five to sixty-four years old was aimed at reducing patient-age and fixation-method factors as study confounders. While reducing the impact of head-size variation, these inclusion and exclusion criteria resulted in a specific focus on a smaller subgroup of patients, which in turn yielded lower statistical power. Another perceived limitation of this study may be the lack of patient-reported functional outcomes. However, highly cross-linked polyethylene was introduced to increase implant longevity and the ultimate measure of longevity is revision surgery, thus justifying our study end point. In addition, selection criteria may differ for conventional polyethylene and highly cross-linked polyethylene. Highly cross-linked polyethylene may be used more frequently in higher-risk patients such as those with a higher activity level. Although activity level was not included in this study, patient age may serve as a proxy for activity level and was adjusted for in the multivariable model. The duration of follow-up may also be a limitation, since highly cross-linked polyethylene was introduced to reduce the wear and associated osteolysis that typically occur with longer follow-up times. While the average follow-up rate in the registries is >90%, some registries have shorter follow-up than others and data may still be limited in scope and therefore not appropriate to support a marketing application in the United States. Finally, this study does not take into account specific device or implant performance. Substantial variation among different manufacturers and implants of conventional and highly cross-linked polyethylene throughout the world is not accounted for in registry data. Variation among different manufacturers and implants of both conventional and highly cross-linked polyethylene has been reported by national registries 17, 33 . In conclusion, in this international study of 16,571 cementless total hip arthroplasties in patients forty-five to sixtyfour years of age we did not find a difference in risk of revision for conventional polyethylene compared with highly cross-linked polyethylene. Unlike other technologies introduced into the market such as metal-on-metal bearing surfaces, highly crosslinked polyethylene does not appear to have an increased risk of revision in total hip arthroplasty. Future studies are necessary to examine the impact of highly cross-linked polyethylene and conventional polyethylene in total hip arthroplasty in a wider range of patients, including those with cemented fixation, patients sixty-five years of age and older, and with longer study follow-up.
Appendix-Details of the Model Fitting
Data Inclusion F or the models described here, we chose to retain observations with a standard error of <0.0125, given that the simulations indicated increased bias, root-mean-squared error, and poorer coverage when observations with large degrees of imprecision (resulting from sparse data for certain covariate combinations) were retained. The 0.0125 threshold was based on both the simulation results and a sensitivity analysis comparing the effect on model parameters when different levels of restriction (0.05, 0.025, and 0.0125) were applied.
Model Selection
The fixed-effects model was based on the random-effects model selected. We began with a model that included an intercept, bearing surface, age, sex, piecewise constant function of time, bearing surface by time interaction, random intercept, random treatment effect, and residual variance fixed at one. A random effect for neither the intercept nor the bearing surface was warranted based on a point estimate that was near zero (i.e., <1.0 · 10 210 ) and was therefore not included. The interaction terms were based on intervals of time: zero to two years and two to five years. A test of the interaction terms, x 2 (1) = 0.01, was not significant (p = 0.915); therefore, these terms were not included. n NOTE: The authors acknowledge Abby Isaacs, Rebecca Love, and Lucas Romero for their analytic and organizational support. They also acknowledge Danica Marinac-Dabic, MD, PhD, for leadership and substantial contributions to the success of ICOR.
